Background: Diffusion tensor imaging (DTI) can be used to predict outcome following perinatal arterial ischemic stroke (PAIS), although little is known about white matter changes over time. Methods: Infants with PAIS were serially scanned in the neonatal period (n = 15), at 3 mo (n = 16), and at 24 mo (n = 8). Fractional anisotropy (FA) values in five regions of interest (anterior and posterior limb of the internal capsule, corpus callosum, optic radiation, and posterior thalamic radiation) were obtained and compared with FA values of healthy controls and neurodevelopmental outcome. results: In the neonatal period, no differences in FA values were found. At 3 mo, the six infants who ultimately developed motor deficits showed lower FA values in all affected regions. Four infants developed a visual field defect and showed lower FA values in the affected optic radiation at 3 mo (0.22 vs. 0.29; P = 0.03). Finally, a correlation between FA values of the corpus callosum at 3 mo and the Griffiths developmental quotients was found (r = 0.66; P = 0.03). At 24 mo, a similar pattern was observed. conclusion: Neonatal FA measurements may underestimate the extent of injury following PAIS. FA measurements at 3 mo could be considered a more reliable predictor of neurodevelopmental outcome and correlate with DTI findings at 24 mo. P erinatal arterial ischemic stroke (PAIS), with an incidence of 1 per 2,300-4,000 live births, often leads to adverse neurologic sequelae (1, 2) . Currently, there are no accepted therapies for the acute treatment of PAIS. However, methods to accurately predict later neurodevelopmental outcome in the first few months following PAIS are rapidly advancing. Magnetic resonance imaging (MRI) plays an important role in the diagnosis of PAIS and in the prognosis of future motor development (3) (4) (5) (6) (7) (8) (9) .
Several cross-sectional studies have reported differences in diffusion tensor imaging (DTI) parameters following PAIS. Beyond the neonatal period, decreased integrity of the affected corticospinal tracts, reflected by lower fractional anisotropy (FA) values, is found in children who develop motor deficits (7, 8, 10) . However, no studies have reported longitudinal measurements of DTI following PAIS. In preterm infants, longitudinal studies provide insight into both structural and functional development and have identified possible windows for therapeutic intervention (11, 12) . The aim of the current study was to examine the potential value of serial DTI following PAIS to evaluate temporal changes in the course of white matter injury and to determine an optimal strategy for prediction of outcome following PAIS.
RESULTS

Patient Outcome
The median follow-up duration was 37 mo (range: 19-62 mo). Six children (five with a main trunk middle cerebral artery (MCA) stroke and one with an anterior trunk MCA stroke) developed unilateral motor deficits (UMDs). The median Griffiths developmental quotient was 98 (range: 81-105).
Visual field examinations were performed in 10 children (63%), including all children with a posterior cerebral artery (PCA) stroke or main trunk MCA stroke. The examinations revealed a visual field defect in four children (three with main trunk MCA stroke and one with PCA stroke). This included a hemianopia in two children and a quadrantanopia in two others.
Region of Interest Analysis and Motor Outcome
On the first scan, which was acquired during the first week after birth, FA values in the regions of interest (ROIs) in the affected hemisphere did not differ from reference values of the controls. During the first week, median FA values of infants who would later develop UMDs did not differ from those who would not develop UMDs ( Table 1) . Only two infants with a main trunk MCA stroke, one of whom had an antenatal MCA stroke, had abnormal FA values in several regions in the affected hemisphere on the first scan (Figure 1a) . One child with a PCA stroke, who did not develop UMDs, also had abnormal FA values in the posterior thalamic radiation and optic radiation. These abnormal FA values persisted at 3 mo. In the eight children who were scanned for a third time at ~24 mo, FA values that were below the 95% prediction interval at 3 mo remained low at 24 mo (Figure 1b) . FA values in the ROIs in the unaffected hemisphere of the children who developed UMDs did not differ from the FA values in the corresponding ROIs of the children who did not develop UMDs at any time point, and FA values in both groups followed the reference curve for the respective regions.
ROI Analysis and Visual Fields
At 3 mo, FA values of the affected optic radiation were lower in the infants who would later develop a visual field defect (0.22 vs. 0.29; P = 0.03) and were below the reference curve. In three of these infants, FA values were also abnormal on the neonatal scan (Figure 2) . Of the six children with normal visual fields, five had normal FA values in the affected optic radiation at 3 mo. One child with a main trunk MCA stroke had an abnormal FA value in the affected optic radiation at 3 mo without a detectable visual field defect.
No visual field test was acquired in the six remaining children. There was, however, no history suggestive of a visual field defect in these children, and the FA values of their affected optic radiations were within the 95% prediction intervals at 3 mo.
A correlation was observed between the Griffiths developmental quotient and the FA of the corpus callosum on the second scan (r = 0.66; P = 0.03; Figure 3) . No correlation between the Griffiths developmental quotient and FA values of other ROIs was found at any time.
Maps of Standard Z Scores
The Z maps showed findings similar to those of the ROI analysis. In an infant with a main trunk MCA stroke (Figure 4) , the neonatal scan showed no apparent abnormality in FA values; however, the 3-mo scan clearly indicated decreased FA in the posterior limb of the internal capsule and several other white matter tracts. This spatial pattern of abnormalities largely persisted on the 24-mo scan.
The Z maps provide additional information, revealing potential local abnormalities not detected with ROI analysis. For example, the low FA value in the splenium of the corpus callosum in an infant with a PCA stroke (Supplementary Figure S1 online) was not detected by examination of the FA value of the corpus callosum ROI.
DISCUSSION
In the current study, serial DTI data of infants diagnosed with PAIS were acquired to examine the temporal evolution of white matter injury and correlate this with different outcome domains. We were able to demonstrate time-related changes in FA values in regions commonly affected by PAIS. Although neonatal FA values tended to underestimate injury, FA values at 3 mo more accurately showed the full extent of injury and correlated with FA values at 24 mo and with long-term neurodevelopmental outcome.
Little is known about the changes in FA during the first week following PAIS. Both increased and decreased FA values have been reported following hypoxic-ischemic injury (13, 14) . In adult stroke, an initial increase in FA values is followed by a decrease from day 5 onward (15) . The initial increase is thought to reflect reduced spacing between the axons owing to the cytotoxic edema, whereas the subsequent decrease in FA reflects loss of structural integrity. This suggests that the timing of FA measurements following stroke is important, as observed in the infant with antenatal stroke in this study. On the basis of different MRI sequences, this infant most likely suffered a stroke 10-14 d before birth, and this could explain why abnormal FA values were already present on the neonatal scan. Similar abnormally low FA values were not observed in the other infants with neonatal stroke who would later develop UMDs.
At 3 mo, clear differences in FA values were observed, and these differences corresponded with development of motor deficits, cognitive outcome, and development of visual field defects. Even though this would suggest that 3 mo might be a better time point for predicting outcome using FA measurements, DTI at this time cannot replace neonatal MRI. During the neonatal period, conventional MRI and diffusion-weighted imaging remain essential for the diagnosis of PAIS and have also shown their value in predicting the development of motor disabilities (3, 4, 6, 9) . However, conventional MRI and diffusion-weighted imaging cannot be used to quantify the severity of white matter injury related to the , and posterior thalamic radiation (PTR) -as measured in infants who developed motor deficits vs. those who did not. In the neonatal period, no significant differences were found between the two groups. At 3 mo, significant differences were observed in all regions of interest. These differences could still be observed at 24 mo but no longer reached significance owing to the smaller group of children scanned at 24 mo.
Articles van der Aa et al. 
Serial DTI following neonatal stroke
Articles development of motor disabilities or visual field defects, as can be done using DTI, even before the development of clinical symptoms (8, 10) . We therefore propose that DTI should be used after the acute phase of injury, i.e., after 4-6 wk, to evaluate the extent of injury and assist with the prediction of neurodevelopmental outcome other than UMDs in at-risk infants. Visual field defects following PAIS occur in 20% of all cases (9, 16) . Prediction of visual field defects using conventional MRI is difficult as involvement of the optic radiation or visual cortex does not always correlate with deficits. In preterm infants, DTIbased tractography of the optic radiation at term-equivalent age is associated with visual function (17) . Although the number of children who underwent a visual field exam in this study was limited to those with lesions known to be associated with visual field deficits, abnormalities in FA values of the optic radiation at 3 mo predicted visual field defects. Larger studies will be needed to confirm this finding and may allow differentiation between development of a hemianopia and quadrantanopia.
Using the Z maps, we examined the spatial pattern of white matter injury in both the acute and postacute phase. This method allowed visualization of white matter integrity over time without predefined ROIs. Both preterm and term studies have shown that brain injury can result in widespread abnormalities of white matter development at sites remote from a focal lesion (18, 19) . This was also observed in the current study, e.g., in the corpus callosum and fornix (4) . The importance of such widespread white matter injury is well known from preterm infants who may show multiple defects in brain development, including delayed or abnormal myelination, abnormal cortical folding, and decreased thalamic volume associated with global white matter injury (19) , and these abnormalities almost certainly underlie the complex neurobehavioral deficits found in these children. It is reasonable to expect that similar conclusions can be drawn from our observations made with regard to white matter integrity in full-term infants with PAIS.
Technical Considerations
One should note that the control and patient images in this study were acquired using different scanners with different settings, which may have introduced a scanner-dependent bias (20) . Assessing such bias would require careful calibration of scanner instruments. Although we were not able to do this, we Articles van der Aa et al.
were able to show that the FA values determined in the ROIs in the unaffected hemisphere followed the reference curve, suggesting that if any scanner-dependent bias in FA values was present, it was minimal. The reported results strongly depend on an accurate normalization of the data to the atlas. Although large deformation diffeomorphic metric mapping (LDDMM) has been used before in older children with cerebral palsy (21) , to our knowledge this paper is the first attempt to normalize images from infants with severe injury, e.g., the presence of a large ischemic lesion or cyst. For these cases, time-consuming landmark-based normalization, expert knowledge, and careful inspection were necessary for accurate normalization. This procedure is therefore not yet suitable for daily clinical practice. Incorporation of automatic lesion segmentation techniques and masking of these regions during the registration process may allow easier access to the clinician (22, 23) .
Limitations of the study were the relatively small sample size and the absence of a visual field test in six children. The data in this study were collected retrospectively, and visual field tests were therefore only administered when clinically indicated.
Conclusion
Serial DTI following PAIS allows insight into the evolution of white matter injury following PAIS. Although neonatal DTI may not capture the full extent of the injury, DTI at 3 mo does, and it corresponds well with the DTI findings at 24 mo in the major white matter tracts examined and with long-term motor, cognitive, and visual outcomes. ), who were cared for in the neonatal intensive care unit at the Wilhelmina Children's Hospital (Utrecht, The Netherlands), were diagnosed with PAIS, and underwent cranial MRI during the first week after birth. DTI data were acquired during the neonatal period in 15 of the infants. Strokes were observed in the territories of the PCA (n = 3) and MCA (n = 13). One infant's MRI showed a main trunk MCA stroke on T2, with little diffusion restriction, suggesting antenatal onset of the stroke, ~10-14 d before birth.
METHODS
Patient Selection and Neurodevelopmental Assessment
No permission was required from the institutional review board for this study. Informed parental consent was obtained before each MRI scan. Eleven of the included infants were studied as part of a larger cohort, in which DTI-based tractography of the corticospinal tracts was performed at the age of 3 mo, as reported previously (8) .
A second MRI was obtained at a median age of 3.4 mo (range: 2.9-4.4 mo) in all children, and eight children were scanned again at a median age of 23.2 mo (range: 16.4-29.6 mo). Neurodevelopmental outcome was evaluated between 18 and 36 mo using the Griffiths mental developmental scale (24) . The presence of UMDs was assessed according to Claeys (25) .
In infants in whom the development of a visual field defect was thought to be likely owing to the involvement of the optic radiation, cortex, or thalamus, an experienced pediatric ophthalmologist performed visual field examinations. This was feasible from the age of 3 mo onward using the behavioral visual field screening test (BEFIE test) (26) . In this test, the examiner stands behind the child and rotates an arc with a ball attached to its tip around the child's head, from the periphery to the center of the visual field. The angle at which the child first detects the stimulus determines the border of the visual field. Visual fields were scored as normal, presence of a quadrantanopia, or presence of a hemianopia.
DTI Protocol
Patients were scanned on a 1.5T Philips MR scanner (Philips Medical Systems, Best, The Netherlands) using a SENSE head coil. The neonatal and 3-mo DTI protocol consisted of a single-shot echo-planar imaging sequence (echo-planar imaging factor: 43; repetition time/ echo time: 6,817/87 ms) with 50 axial 2 mm slices in 32 noncollinear diffusion-weighted directions with a b value of 800 s/mm 2 
